ABSTRACT UVA irradiation plays a role in premature aging of the skin through triggering oxidative stress-associated stimulation of matrix metalloproteinase-1 (MMP-1) responsible for collagen degradation, a hallmark of photoaged skin. Compounds that can activate nuclear factor E2-related factor 2 (Nrf2), a transcription factor regulating antioxidant gene expression, should therefore serve as effective antiphotoaging agents. We investigated whether genetic silencing of Nrf2 could relieve UVA-mediated MMP-1 upregulation via activation of mitogenactivated protein kinase (MAPK)/activator protein 1 (AP-1) signaling using human keratinocyte cell line (HaCaT). Antiphotoaging effects of hispidulin (HPD) and sulforaphane (SFN) were assessed on their abilities to activate Nrf2 in controlling MMP-1 and collagen expressions in association with phosphorylation of MAPKs (extracellular signal-regulated kinase, c-Jun N-terminal kinase, and p38), c-Jun, and c-Fos, using the skin of BALB/c mice subjected to repetitive UVA irradiation. Our findings suggested that depletion of Nrf2 promoted both mRNA expression and activity of MMP-1 in the UVAirradiated HaCaT cells. Treatment of Nrf2 knocked-down HaCaT cells with MAPK inhibitors significantly suppressed UVA-induced MMP-1 and AP-1 activities. Moreover, pretreatment of the mouse skin with HPD and SFN, which could activate Nrf2, provided protective effects against UVAmediated MMP-1 induction and collagen depletion in correlation with the decreased levels of phosphorylated MAPKs, c-Jun, and c-Fos in the mouse skin. In conclusion, Nrf2 could influence UVA-mediated MMP-1 upregulation through the MAPK/AP-1 signaling cascades. HPD and SFN may therefore represent promising antiphotoaging candidates.
Introduction
Exposure of the skin to UV radiation is the primary cause of premature skin aging, which is a multifactorial process involving various molecular pathways (Baumann, 2007; Hwang et al., 2011a; Panich et al., 2016) . A hallmark of photoaged skin is characterized by the destruction of the extracellular matrix proteins including collagen through induction of matrix metalloproteinase-1 (MMP-1 or collagenase 1), subsequently leading to compromised structural integrity of the dermis (Fisher et al., 2002; Ham et al., 2013; Jung et al., 2014) . Oxidative stress mediated by UVA radiation has been suggested to play a vital role in the induction of MMP-1 produced by the skin cells, including keratinocytes as well as fibroblasts (Pluemsamran et al., 2012; Ryu et al., 2014; Chaiprasongsuk et al., 2016) . UVA challenge results in excessive generation of reactive oxygen species (ROS) capable of upregulating MMP-1 expression and activity in keratinocytes (Pluemsamran et al., 2012 (Pluemsamran et al., , 2013 Park et al., 2013a) .
Nuclear factor E2-related factor 2 (Nrf2), the redoxsensitive transcription factor, is a master regulator of the cellular antioxidant defense against environmental insults, including UV radiation. Nrf2 has been reported to play a beneficial role in protecting skin cells, including keratinocytes, fibroblasts, and melanocytes, against UV-induced oxidative damage and cellular dysfunction (Seo et al., 2011; Brugè et al., 2014; Gęgotek and Skrzydlewska, 2015) . Thus, investigation of compounds targeting Nrf2-regulated antioxidant defense to combat oxidative stress could provide insight into development of a promising pharmacological approach to help delay skin photoaging. Concurrently, it has also been shown that the transcriptional regulation of MMP-1 is mediated by activation of activator protein-1 (AP-1) and its upstream mitogen-activated protein kinase (MAPK) signaling cascades (Kang et al., 2008) . In addition, ROS-induced MAPK/AP-1 signaling was observed to be associated with the increased expression and production of MMP-1 in HaCaT keratinocytes and human dermal fibroblasts . Understanding how Nrf2 and the MAPK/AP1 signaling cascades interplay to influence the UV-mediated oxidative damage is essential for the development of novel photoprotective treatment.
Plant-derived phytochemicals targeting Nrf2 have been suggested as a promising pharmacological strategy for skin photoprotection Seo et al., 2011; Kleszczy nski et al., 2013) . Several in vitro and in vivo studies have revealed that the isothiocyanate sulforaphane (SFN) abundantly found in cruciferous vegetables could act as an Nrf2 inducer and provided protective effects against UV-mediated skin damage and carcinogenesis through various cellular mechanisms, including upregulation of phase II cytoprotective proteins and inhibition of inflammatory responses (Talalay et al., 2007; Wagner et al., 2010; Saw et al., 2011) . In addition, previous studies have suggested that Asian medicinal herbs containing hispidulin (HPD), which have traditionally been used to treat skin problems, possessed antimelanogenic properties and ability to penetrate the skin (Thitilertdecha et al., 2014; Kwak et al., 2016) . In addition, we previously reported that Clerodendrum spp. containing HPD as an active ingredient had abilities to inhibit UVA-induced MMP-1 activity in association with upregulation of antioxidant defense in HaCaT cells (Pluemsamran et al., 2013; Thitilertdecha et al., 2014) . Herbal extracts containing HPD as a possible active ingredient were demonstrated to provide anti-inflammatory effects possibly mediated by Nrf2 signaling (Akram et al., 2015) . In this study, we aimed to explore further the involvement of Nrf2 in UVAmediated MMP-1 upregulation and collagen degeneration. In addition to confirming the role of Nrf2 signaling in controlling the UVA-mediated MMP-1 upregulation, we also aimed to assess the photoprotective effects of HPD and SFN against UVAinduced MMP-1 induction and collagen depletion specifically through regulation of MAPKs, c-Jun, and c-Fos phosphorylation.
Materials and Methods
Cell Culture and Treatment. Human keratinocyte (HaCaT) cells (Cell Lines Service, Heidelberg, Germany) were grown in high glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum and 1% penicillin (100 U/ml)/streptomycin (100 mg/ml). All cells were maintained at 37°C in a humidified air of 5% CO 2 (P CO2 5 40 Torr). HPD (6-methoxyapigenin) and SFN and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise indicated. The chemical structures of HPD (Chao et al., 2015) and SFN (Boddupalli et al., 2012) were previously described.
Silencing of Nrf2 via RNA Interference. A combination of four gene-specific small-interfering RNA (siRNA) against human Nrf2 (NM_006164) was used (FlexiTube GeneSolution GS4780 for NFE2L2; Qiagen, Valencia, CA, USA; catalogue 1027416). HaCaT cells were transfected with 5 nM siRNA against Nrf2 (siNrf2) or equal molar nonsilencing siRNA controls (siCtrl; Qiagen, Valencia, CA, USA; catalogue 1022076) for 48 hours. These siRNAs were earlier complexed with liposome carrier (HiPerFect Transfection Reagent; Qiagen, Valencia, CA, USA; catalogue 301705) at 0.08 mL/ng siRNA concentration by incubating mixture for 5-10 minutes at room temperature in serum-free DMEM/F-12. All siRNAs were verified to ensure achieving functional and specific silencing by evaluating mRNA and protein levels of Nrf2 and known Nrf2 target genes, including g-glutamate cysteine ligase catalytic subunit (GCLC) and g-glutamate cysteine ligase modifier subunit (GCLM), glutathione S-transferase (GST), and NAD(P)H quinone oxidoreductase1 (NQO1). To evaluate response of HaCaT cells transfected with siNrf2 or siCtrl to UVA irradiation, cells were washed with phosphate-buffered saline (PBS) and then irradiated with UVA (4 J/cm 2 ) at 48 hours posttransfection. Cells were incubated immediately with serum-free DMEM/F-12 and harvested at 1 hour postirradiation for determination of oxidant formation, at 4 and 24 hours postirradiation for MMP-1 mRNA level and activity, respectively, and at 15 minutes postirradiation for MAPK phosphorylation and AP-1 activity. The UV intensity detected at a distance of 21 cm from UVA lamp was 1 W/cm 2 using a UV meter (hand-held UV meter; Honle UV Technology, Munchen, Germany) equipped with UVA sensor (330-400 nm). The UVA source was a xenon arc lamp (Dermalight ultrA1; Hoenle, Martinsried, Germany) with emission maximum at 360 nm.
To determine an involvement of MAPK pathway in MMP-1 and AP-1 activities, the transfected cells were pretreated with 1 mM U0126, SP600125, and SB203580, specific inhibitors of extracellular signalregulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38, respectively, in serum-free medium for 1 hour prior to UVA irradiation.
Determination of Intracellular Oxidant Formation by Flow Cytometry. Oxidant detection is based on oxidation of nonfluorescent dichlorofluorescein by intracellular ROS to produce fluorescent 2, 7-dichlorofluorescein (DCF). After UVA irradiation, cells were washed and incubated with serum-free DMEM/F-12 for 30 minutes before being incubated with 5 mM nonfluorescent dichlorofluorescein in PBS at 37°C for 30 minutes. Stained cells were immediately analyzed by flow cytometery using a fluorescence-activated cell sorter (FACSCalibur) at excitation/emission wavelengths of 488/535 nm. For analysis, 10,000 cells per sample were gated and applied to a histogram depicting the fluorescence intensity of 29,79-dichlorofluorescein diacetate (DCFDA). Data were expressed as a percentage of control (100%, nonirradiated and untransfected cells).
Western Blot Analysis of Nrf2 Nuclear Localization and Phosphorylated MAPK. Total protein, cytosolic, and nuclear extracts were prepared, and immunoblotting assay was carried out to detect nuclear localization of Nrf2 and phosphorylation of MAPK (ERK, JNK, and p38), as previously described (Chaiprasongsuk et al., 2016) .
Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction for Measurement of mRNA Expression. Total RNA was isolated using the illustra RNAspin Mini RNA Isolation Kit (GE Healthcare, Hatfield, Hertfordshire, UK), and reverse transcription was conducted using the Improm-II reverse transcriptase (Promega, Madison, WI) under the conditions described in the kit manuals. Reactions were performed with the ABI Prism 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) using the amplification conditions, as previously reported (Chaiprasongsuk et al., 2016) , and the polymerase chain reaction primers listed in Table 1 . The mRNA levels were normalized by the mRNA level of glyceraldehyde-3-phosphate dehydrogenase from the same cDNA samples. For the control (nonirradiated and untransfected cells), DDC t equals zero and 2°equals one, so that the fold change in gene expression relative to the control equals one, by definition. For the UV-irradiated and compound-treated cells, assessment of 2 2DDCt indicates the fold change in gene expression relative to the control.
Determination of MMP-1 Activity. MMP-1 activity in conditioned media collected at 24 hours following UVA irradiation was determined using gelatin zymography, as previously described (Pluemsamran et al., 2012) . In brief, culture supernatants were mixed 1:1 (v/v) with nonreducing SDS sample buffer [125 mM Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, 0.002% bromophenol blue] and were subjected to electrophoresis on 10% polyacrylamide gels containing 1% gelatin. Following electrophoresis, the gels were washed twice with 2.5% Triton X-100 for 30 minutes to remove SDS and to renature the MMP-1 in the gels. Renaturated gels were incubated in developing buffer for 24 hours at 37°C to induce gelatin lysis and were later Nrf2 Activation Reduces UVA-Mediated Skin Damage stained with 0.006% Coomassie brilliant blue G-250 (50% methanol, 10% acetic acid) for 2 hours and destained using destaining solution (50% methanol, 10% acetic acid) for 5 minutes at room temperature. Gelatinolytic activity was observed as colorless (unstained) bands. Determination of MMP-1 activity was performed by scanning the gels using a CAMAG TLC scanner (St. Gallen, Muttenz, Switzerland), and integrated density for each band was calculated using the ImageMaster software (Hoefer Pharmacia Biotech, San Francisco, CA, USA). Data were expressed as arbitrary densitometric units of MMP-1 activity per 1,000,000 cells.
Determination of AP-1 Transcriptional Activity. Transcriptional activity of AP-1 was evaluated using the Cignal Activator Protein-1 Reporter (luc) Kit (SABiosciences, Qiagen, Valencia, CA, USA). HaCaT cells were transfected with an AP-1-responsive firefly luciferase reporter plasmid and a control plasmid constitutively expressing Renilla luciferase (SABiosciences, Qiagen, Valencia, CA, USA) in Lipofectamine Reagent (Invitrogen), according to the manufacturer's instructions. The transfected cells were further incubated in serum-free medium and harvested at 15 minutes following UVA irradiation. The firefly and Renilla luciferase activities were determined using a Dual-Glo Luciferase Assay Kit (Promega) in a luminometer (FLUOstar Omega, BMG Labtech, Almendgruen, Ortenberg, Germany). Firefly luciferase activity was normalized to Renilla luciferase activity to account for transfection efficiency.
Animals and Treatment. BALB/c mice were obtained from National Laboratory Animal Center, Mahidol University. They were housed under controlled conditions (25 6 2°C with a 12-hour light and 12-hour dark cycle) using an isolator caging system and water ad libitum during the experimental period.
BALB/c mice were randomized into seven groups of nine mice each, described as follows. Group I (control) did not undergo UVA irradiation or any topical treatment. Group II (sham) was topically treated with ethanol:acetone (1:1, v:v) without UVA irradiation. Group III (UVA) was irradiated with UVA at 10 J/cm 2 /session three times per week for 2 weeks (a total dose of 60 J/cm 2 ). Group IV (sham with UVA) was topically treated with ethanol:acetone (1:1, v:v) and irradiated with UVA at 10 J/cm 2 /session three times per week for 2 weeks (a total dose of 60 J/cm 2 ). Group V (HPD with UVA) was topically treated with 20, 60, and 200 mM/cm 2 HPD (dissolved in 20 ml ethanol:acetone 1:1, v:v) to the dorsal skin prior to UVA irradiation. Group VI (SFN with UVA) was topically treated with 0.6 mM/cm 2 SFN (dissolved in 20 ml ethanol:acetone 1:1, v:v) to the dorsal skin prior to UVA irradiation. Group VII (treatment without UVA) was topically treated with HPD at the highest dose (200 mM/cm 2 ) used in this study or SFN (0.6 mM/cm 2 ) to the dorsal skin without UVA irradiation. Mice (4-5 weeks of age) were anesthetized by i.p. injection of ketamine/xylazine. HPD and SFN were topically applied to a 1-cm 2 area of the shaved dorsal skin 1 hour prior to each UVA irradiation (10 J/cm 2 for three times per week up to 2 weeks; the total cumulative dose was 60 J/cm 2 ) (Grimbaldeston et al., 2003; Sayama et al., 2010 , Shimada et al., 2011 . The dorsal skin flaps were then removed at different time points, as indicated in Results. The fresh skin tissues were embedded in Tissue-Tek OCT compound and frozen directly in liquid nitrogen. Frozen tissues were stored at 280°C until sectioning.
An inverted fluorescent microscope equipped with an inverted fluorescent microscope with camera (Ti-S Intensilight Ri1 NIS-D) (Nikon, Tokyo, Japan) was used for the imaging of Haemotoxylin and Eosin (H&E) and immunofluorescence stainings according to the inverted microscope manufacturer's instructions, which were quantified using ImageJ software (Gawronska-Kozak et al., 2016) .
H&E Staining and Analysis of Skin Thickness. Cryo-cut tissue sections (8 mm) were fixed in ice-cold acetone and air dried for 30 minutes at room temperature. H&E staining was performed for histologic evaluation of skin thickness. Tissue sections were washed in distilled water for 2 minutes, incubated with hematoxylin for 4 minutes, and then washed in distilled water for 10 minutes. The slides were then incubated with eosin for 1 minute and 95% alcohol for 1 minute. The slides were dehydrated with 95% alcohol (15 seconds), two changes of absolute alcohol (15 second each), two changes of acetone (15 second each), and three changes of xylene (15 second). Stained slides were mounted in mounting medium and then covered with a coverslip for viewing with a microscope.
Immunofluorescence Analysis of Nrf2 Nuclear Translocation and Its Target Proteins (GCLC, GST, and NQO-1), Oxidative DNA Damage, MMP-1, Collagen, Phosphorylated MAPK (Phosphorylated ERK, Phosphorylated JNK, and Phosphorylated p38), and Phosphorylated AP-1 Subunit (p-cFos and p-c-Jun). Dorsal skin tissue samples were collected at various time points following the final UVA irradiation: 1 and 6 hours postirradiation for Nrf2 and its target proteins, respectively; 1 hour postirradiation for oxidative DNA damage; 24 hours postirradiation for MMP-1 and collagen; and 15 minutes postirradiation for phosphorylated MAPK and AP-1 subunit. Tissue sections were blocked with PBS containing 2% bovine serum albumin for 30 minutes. After removing excess blocking buffer, the slides were incubated with Nrf2 Ab (ab31163; Abcam, Cambridge, MA), GCLC (ab53179; Abcam), GST Ab (sc-459; Santa Cruz Biotechnology, Santa Cruz, CA), NQO1 Ab 
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and incubated for 1 hour at room temperature with fluorescein isothiocyanate-conjugated secondary Ab (green) and with 49,69-diamidino-2-phenylindole (blue) to counterstain the nuclei for detection of nuclear Nrf2, the secondary Ab Alexa Fluor 488 goat anti-rabbit (Abcam) for detection of MMP-1, collagen, and phosphorylated protein levels.
Data Analysis. ImageJ software (National Institutes of Health, Rockville, MD) was used to quantify thickness and fluorescence intensity of each protein. For analysis of skin thickness, predefined scale bar of known distance (50 mm) was used as distance calibration (Supplemental Fig. 5A ). A straight line was manually drawn perpendicularly to the epidermal layer, and the length was read off directly from the software (Supplemental Fig. 5B ).
For fluorescence intensity analysis, an outline was manually drawn around area of fluorescence emission to define regions of interest. For all analysis of protein expression data, the corrected total cryosection fluorescence was calculated using the following equation: cryosection fluorescence 5 integrated density 2 (area of each region of interest Â mean fluorescence of background readings) (Supplemental Fig. 6A ), and the data were presented as percentage of control (Noursadeghi et al., 2008; McCloy et al., 2014) . Quantitative fluorescence data from ImageJ were then imported into Microsoft Excel for generating histograms for further analysis. For analysis of Nrf2 nuclear localization, we determined Nrf2 subcellular localization based on the ratio of nuclear to cytoplasmic intensity of Nrf2. The nuclear and cytoplasmic compartment was manually drawn, as shown in Supplemental Fig.  6B . Intensity from each compartment was corrected by the background intensity.
Statistical Analysis. Data for in vitro study were reported as means 6 S.D. from at least three biologic replicates (n $ 3) performed on different days using freshly prepared reagents. The significance of nonirradiated controls or individual treatment groups in comparison with the UVA-irradiated groups was evaluated by independent t test (Student's; two populations) or one-way analysis of variance, followed by Tukey or Dunnett tests, where appropriate, using Prism (GraphPad Software, San Diego, CA). Data for in vivo study are reported as means 6 S.D. The significance of nonirradiated controls or sham controls or individual treatment groups in comparison with the shamirradiated mice was evaluated by independent t test (Student's; two populations) or one-way analysis of variance, followed by Tukey or Dunnett tests, where appropriate.
Results
Depletion of Nrf2 Augmented UVA-Induced MMP-1 via Modulation of MAPK/AP-1 Signaling in Keratinocyte HaCaT Cells. We previously reported that UVA caused MMP-1 upregulation through induction of oxidative stress and depletion of antioxidant defenses in HaCaT cells (Pluemsamran et al., 2012 (Pluemsamran et al., , 2013 . Depletion of Nrf2 has been widely demonstrated to compromise cellular redox balance and cause susceptibility to oxidative stress in various cell types in response to various stimuli (Frohlich et al., 2008; Rushworth et al., 2011) . We thus hypothesized that Nrf2 function must also underlie the UVA-induced MMP-1 upregulation. To test this, we first compared the changes of MMP-1 mRNA expression and activity between siNrf2 and siCtrl-transfected HaCaT cells. Efficiency of Nrf2 knockdown in HaCaT cells was verified by real-time reverse-transcription polymerase chain reaction and Western blot analysis, showing successful depletion of Nrf2 down to ∼40% and a significant decrease of its target antioxidant genes by 48 hours following the transfection, in comparison with untransfected and siCtrl HaCaT cells (Supplemental Fig. 1 ). In control HaCaT cells, UVA irradiation led to a substantial induction of MMP-1 mRNA levels (Fig. 1A) and activity (Fig. 1B; Supplemental  Fig. 2A ) at 4 and 24 hours postirradiation, respectively. Similar results were also observed in siCtrl-transfected cells. With depletion of Nrf2, UVA-irradiated cells exhibit substantial increases of MMP-1 mRNA and activity than those in siCtrl-transfected cells, whereas nonirradiated cells did not exhibit any differences (Fig. 1, A and B; Supplemental Figs.  1 and 2A) .
MAPK signaling was shown to be associated with the regulation of MMP-1 activity in HaCaT keratinocytes and human dermal fibroblasts , although activation of MMP-1 via MAPK/AP-1 signaling in the UVA-mediated response of keratinocytes remains unclear. In HaCaT cell line, we found that UVA irradiation significantly promotes phosphorylation of ERK, JNK, and p38 as early as 15 minutes (Supplemental Fig. 2B ). To quantify the involvement of each MAPK pathway on UVA-stimulated MMP-1 activity, we measured MMP-1 activity after irradiation with UVA (4 J/cm 2 ) in HaCaT cells that were pre-exposed to inhibitors of ERK, JNK, or p38 signaling cascades (U0126 as a selective inhibitor of ERK, SP600125 as a selective inhibitor of JNK, and SB203580 as a selective inhibitor of p38). Inhibition of MAPK signaling cascades was found to substantially reduce MMP-1 activity in irradiated HaCaT cells (Supplemental Fig.  2C ). Similar reduction level was observed from addition of individual inhibitor or all three inhibitors combined, indicating that all three signaling cascades are required for MMP-1 regulation.
We next investigated the involvement of MAPK/AP-1 signaling in the Nrf2-dependent regulation of UVA-induced MMP-1 activity. With Nrf2 depletion of HaCaT cells, inhibition of MAPK signaling cascades, either individually or all three pathways simultaneously, was observed to revert the previously observed upregulation of UVA-induced MMP-1 activity (Fig. 1A) , correspondingly with the diminished AP-1 transcriptional activity (Fig. 1C) . Depletion of Nrf2 also led to a marked increase in UVA-mediated MAPK phosphorylation as compared with siCtrl-transfected cells following irradiation (Fig. 1D) . ROS has been shown to be associated with the activation of MAPK signaling cascades in various cell types, including the skin cells. Prior studies also showed that ROSinduced phosphorylation of ERK, JNK, and p38 could mediate UVA-induced biologic responses, including apoptosis (Gao et al., 2007; López-Camarillo et al., 2012) and MMP-1 release (Hwang et al., 2011b; López-Camarillo et al., 2012; Kammeyer and Luiten, 2015) in HaCaT cells. In this study, we observed the elevated level of ROS in Nrf2-depleted HaCaT cells as early as 15 minutes following UVA challenge (Supplemental Fig. 3) . Moreover, treatment of HaCaT cells with H 2 O 2 alone for 15 minutes caused a pronounced induction of phosphorylated ERK, JNK, and p38 (Fig. 1E) . Collectively, these results showed that, under Nrf2 deficiency, UVA-stimulated oxidative insults promote MMP-1 upregulation via activation of MAPK/AP-1 signaling.
Activation of Nrf2 in the Mouse Epidermis by Pharmacological Agents. Our in vitro study implied that Nrf2 is required for protection against UVA-stimulated MMP-1 upregulation. We were therefore interested to examine whether activation of Nrf2 can in fact protect the skin from the UVA-mediated damage. To test this hypothesis, we assessed the photoprotective effects of two compounds, SFN, a well-recognized Nrf2 activator, as well as HPD, an Nrf2 Activation Reduces UVA-Mediated Skin Damage antioxidant phytochemical with high dermal permeability, in the in vivo setting. BALB/c mice were used in this study because they have been shown to preserve the expression of glycosaminoglycans in the dermis, which are critical for structural integrity of the skin similarly to that observed in the human physiology (Avci et al., 2013) . We first determined the physiologic changes of Nrf2 activities and its target antioxidant genes in the mouse skin following UVA exposure. As shown in Fig. 2, A and B, UVA up to 90 J/cm 2 irradiation was found to mediate dose-and time-dependent changes of Nrf2 activity in the mouse skin. Specifically, we observed a substantial decrease of Nrf2 activity at 1 hour after the final UVA exposure, followed by a gradual increase of Nrf2 activity that got completely restored by 12 hours after UVA exposure. These findings are consistent with our results from in vitro models demonstrating the decrease of nuclear/cytosolic Nrf2 ratios in HaCaT cells (Supplemental Fig. 4 ) and B16F10 melanoma cell as early as 1 hour after UVA irradiation at the dose of 4 and 8 J/cm 2 , respectively (Chaiprasongsuk et al., 2016). UVA-irradiated skin also showed a drastic reduction of Nrf2 target antioxidants. Expression of glutamate cysteine ligase, the rate-limiting enzyme of GSH synthesis, GST, and NQO1 in the epidermis was also observed to be lowered by 6 hours following the final UVA exposure (Fig. 3, A and B) . Next, we assessed whether pharmacological activation of Nrf2 could promote the antioxidant defense system. Specifically, HPD at the concentrations of 20, 60, and 200 mM/cm 2 and SFN at the concentrations of 0.6 mM/cm 2 were topically administered to mice 1 hour prior to UVA irradiation at 10 J/cm 2 /session, three times per week for 2 weeks (total of 60 J/cm 2 ). Nrf2 activity (as observed by the elevated nuclearto-cytosolic ratio) (Fig. 2, C and D) and protein levels of its target antioxidants (Fig. 3, A and B ) in the epidermis of irradiated skin were observed to be significantly higher in the treated group than the sham-irradiated skin in absence of compound treatment. Interestingly, under no UVA irradiation, HPD treatment did not affect nuclear localization of Nrf2 nor levels of its target antioxidants (glutamate cysteine ligase, The statistical significance of differences was evaluated by one-way analysis of variance, followed by Dunnett's test. *P , 0.05; **P , 0.01; ***P , 0.001 versus siCtrl-transfected cells without UVA irradiation. #P , 0.05; ##P , 0.01; ###P , 0.001 versus siNrf2-transfected cell-irradiated UVA. (E) Changes of MAPK activation with addition of H 2 O 2 . HaCaT cells were incubated with 300 mM H 2 O 2 for 15 minutes and then were harvested for measurement of ERK, JNK, and p38 phosphorylation using Western blotting. *P , 0.05; **P , 0.01; ***P , 0.001 versus control cells without H 2 O 2 .
GST, and NQO1), whereas SFN treatment dramatically induced the nuclear Nrf2 levels (Supplemental Fig. 7 ) and its target antioxidant proteins (Supplemental Fig. 8 ) in unirradiated (sham) skin. To assess the efficacy of Nrf2 activation to protect against UVA-mediated DNA damage, we quantified the formation of 8-OHdG, a sensitive marker of oxidative DNA damage, in the mouse epidermis at 1 hour following the final UVA exposure with cumulative doses of 60 J/cm 2 . Mouse skin topically applied with HPD or SFN prior to UVA irradiation revealed a significant decrease in 8-OHdG formation in epidermal layer (Fig. 3, C and D) , indicating that activation of Nrf2 can protect cells against UVA-mediated DNA damage.
Protection against UVA-Induced Connective Tissue Damage by Nrf2 Activation. Damage to dermal connective tissue that is mainly composed of type I collagen is a hallmark of photoaged skin. UVA has been suggested to induce upregulation of several MMPs, in particular MMP-1, an important enzyme responsible for collagen destruction due to oxidative stress in both keratinocytes and fibroblasts (Pluemsamran et al., 2012; Ryu et al., 2014) . In our study, we confirmed that UVA exposure causes a dose-dependent upregulation of MMP-1 abundance at 24 hours after the final irradiation, following repetitive irradiation of 10 J/cm 2 UVA at a cumulative dose of 60 J/cm 2 (Supplemental Fig. 10 ). Type I collagen was also found to be correspondingly lowered in the dermis of UVA (60 J/cm 2 )-irradiated hairless mice, whereas H&E-stained sections of skin tissues revealed thickening of the epidermal layer (Supplemental Fig. 9 ). With topical application of HPD or SFN 1 hour prior to each UVA irradiation, we observed a pronounced reduction in MMP-1 expression (Fig. 4, C and D) , an increase of collagen levels (Fig.  4, E and F) , and a marked reduction of epidermal thickness (Fig. 4, A and B) , compared with sham-irradiated mice without , and immunofluorescence was performed to determine Nrf2 nuclear translocation at 1, 3, 6, and 12 hours following the final irradiation. Fluorescein isothiocyanate-conjugated secondary antibody staining indicated location of Nrf2 (green) by anti-Nrf2 antibody. The 49,69-diamidino-2-phenylindole staining indicated the location of the nucleus (blue), and the merged image indicated the nuclear localization of Nrf2. (B) Levels of nuclear/cytosolic Nrf2 in mouse epidermis were quantified by ImageJ software and were expressed as mean 6 S.D., n = 9. The statistical significance of differences between control groups and the UVA-irradiated groups was evaluated by one-way analysis of variance, followed by Dunnett's test. **P , 0.01; ***P , 0.001 versus unirradiated control skin. (C) HPD and SFN restored Nrf2 activity of the skin under UVA irradiation. Dorsal skin was pretreated with 20, 60, and 200 mM/cm 2 HPD and 0.6 mM/cm 2 SFN for 1 hour prior to each UVA irradiation (10 J/cm 2 /session three times per week for 2 weeks; a total dose of 60 J/cm 2 ). The skin was collected at 1 hour following the last UVA exposure. (D) Levels of nuclear/cytosolic Nrf2 modulated by topical application of HPD and SFN prior to UVA exposure were quantified by ImageJ software. Data were shown as mean 6 S.D., n = 9. The statistical significance of differences between unirradiated sham control groups and the sham-irradiated groups was evaluated by independent Student's t test. **P , 0.01 versus unirradiated control skin (sham). The statistical significance of differences between irradiated groups pretreated with compounds and the sham-irradiated groups was evaluated by one-way analysis of variance, followed by Dunnett's test. #P , 0.05 versus the sham-irradiated groups.
Nrf2 Activation Reduces UVA-Mediated Skin Damage compound treatment. These results show that both test compounds can delay photoaging process, specifically those that are associated with the increase of MMP-1 and collagen degeneration.
Nrf2 Activators Promote Reduction of MMP-1 Activity via MAPK/AP-1 Signaling Cascade. The activation of MAPKs/AP-1 signaling cascades has been implicated in upregulation of MMP-1 in previous studies (Endo et al., 2009; Kook et al., 2011) and was confirmed in our in vitro model. To examine whether HPD and SFN may modulate the MMP-1 upregulation via MAPK/AP-1 signaling, we performed immunofluorescence staining to quantify impacts of topical compound treatment on the phosphorylation of ERK, JNK, and p38 as well as c-Fos and c-Jun phosphorylation (for AP-1 activation) in the epidermis and dermis of hairless mice at 15 minutes following the final UVA irradiation (a total dose of 60 J/cm 2 ). Our results demonstrated that topical application of HPD or SFN before UVA irradiation for 2 weeks resulted in a substantial decrease in phosphorylation of phosphorylated ERK (Fig. 5, A and B) , phosphorylated JNK (Fig. 5, C and D) , p38 (Fig. 5, E and F) , as well as reducing phosphorylation of c-Fos (Fig. 5, G and H ) and c-Jun (Fig. 5, I and J) required for AP-1 activation, in comparison with the sham-irradiated mice without compound treatment. The results therefore imply the involvement of MAPK/AP-1 pathways in the UVA-mediated upregulation of MMP-1, although future in vivo studies are still required to confirm that MAPK inhibition can indeed rescue MMP-1 upregulation following UVA irradiation of the mouse skin.
Discussion
The protective role of Nrf2 in photo-oxidative stress and damage of the skin cells, including melanocytes and keratinocytes, has been discussed (Wondrak et al., 2008; Chaiprasongsuk et al., 2016) , although the molecular mechanisms by which Nrf2 protected against UVA-induced stimulation of MMP-1 accountable for collagen degradation involved in photoaging process have not been reported. Our in vitro results indicated that a partial knockdown of Nrf2 promoted UVA-mediated MMP-1 activity and mRNA in HaCaT cells. Our results revealed that, without UVA challenge, Nrf2 Data were shown as mean 6 S.D., n = 9. The statistical significance of differences between unirradiated sham control groups and the sham-irradiated groups was evaluated by independent Student's t test. ***P , 0.001 versus unirradiated control skin (sham). The statistical significance of differences between irradiated groups pretreated with compounds and the sham-irradiated groups was evaluated by one-way analysis of variance, followed by Dunnett's test. #P , 0.05; ##P , 0.01; ###P , 0.001 versus the sham-irradiated groups.
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depletion did not affect all parameters studied, including MMP-1 mRNA and activity as well as ROS levels in siNrf2-transfected cells. However, a marked increase in ROS formation was observed in Nrf2-depleted HaCaT cells following UVA challenge, indicating that depletion of Nrf2 may enhance MMP-1 mRNA expression and activity via a ROS-dependent mechanism. Oxidative stress has been reported to mediate activation of MAPKs (including ERK, JNK, and p38) and AP-1 cascades that act as a crucial upstream signaling in controlling transcription of MMPs, mainly MMP-1 in several cell types, including human skin fibroblasts and keratinocytes (Jung et al., 2014; Kim et al., 2015) . Consistent with results of previous studies (Johansson et al., 2000; Park et al., 2013b) , our observations illustrated that MAPK signaling could function as an upstream mediator of MMP-1 in HaCaT cells. We then determined whether MAPK/AP-1 signaling cascades could underlie the protective role of Nrf2 in UVA-induced MMP-1 activity. The results revealed that inhibition of ERK, JNK, and p38 MAPK pathways reverts the unregulation of UVA-mediated MMP-1 under Nrf2 deficiency. ROSdependent mechanisms could be the cause of UVA-induced MAPK phosphorylation during Nrf2 depletion because treatment of HaCaT cells with H 2 O 2 led to activation of MAPK signaling cascades in the Nrf2-depleted HaCaT cells after UVA irradiation, together with the elevated ROS level.
We also investigated the photoprotective effects of HPD and SFN, a well-known Nrf2 inducer, on UVA-induced MMP-1 expression and collagen degradation, a hallmark of skin aging, in association with phosphorylated levels of MAPKs (ERK, JNK, and p38) and the AP-1 components, c-Jun and c-Fos, under the in vivo setting. Several studies have suggested that phytochemicals that can activate Nrf2 provide pharmacological effects against photodamage and photocarcinogenesis of the skin (Benedict et al., 2012; Tao et al., 2013) , although the underlying molecular mechanisms were still unknown. HPD is a potentially active component in Thai traditional medicine for treatment of skin disorders and for skin care. Additionally, HPD has been demonstrated to possess anti-inflammatory activities via activation of Nrf2 (Pluemsamran et al., 2013; Akram et al., 2015) . SFN was used in this study because it is a well-known Nrf2 inducer and has been shown to protect against UV-induced oxidative damage and apoptosis in ex vivo human skin (Kleszczy nski et al., 2013) and against UVB-mediated cytotoxicity in HaCaT cells and fibroblasts (Talalay et al., 2007; Wagner et al., 2010) . Moreover, topical administration of SFN-containing broccoli sprout extracts inhibited skin carcinogenesis induced by UVB in SKH1 hairless mice, which genetically modified by SKH1(a MEK signaling) and hr(hairless) gene (Dinkova-Kostova et al., 2006) and SFN applied topically to murine skin protected against UVB-mediated inflammation and sunburn reaction (Saw et al., 2011) . However, the photoprotective effects of HPD and SFN on UVA-induced MMP-1 upregulation and collagen depletion in association with activation of MAPK/AP-1 signaling have not been reported. In our in vivo study, following repetitive UVA irradiation at 10 J/cm 2 /session three times per week for 2 weeks (the total dose of 60 J/cm 2 ), consistent with our previous in vitro observations (Chaiprasongsuk et al., 2016) , UVA was shown to cause a transient decrease in Nrf2 nuclear translocation at 1 hour postirradiation and in protein /session three times per week for 2 weeks; a total dose of 60 J/cm 2 ). The skin was collected at 1 hour following the last UV exposure. H&E samples were collected using 20Â objectives as scale bar = 50 mm. Images of immunofluorescence staining for MMP-1 protein (C) in mouse epidermis and dermis and for collagen (E) in mouse dermis skin. Dorsal skin was pretreated with test compounds for 1 hour prior to each UVA irradiation and was collected at 24 hours following the last UV exposure. The epidermal thickness (B) and levels of MMP-1 protein (D) and collagen (F) modulated by topical application of HPD and SFN prior to UVA exposure were quantified by ImageJ software. Data were shown as mean 6 S.D., n = 9. The statistical significance of differences between unirradiated sham control groups and the sham-irradiated groups was evaluated by independent Student's t test. **P , 0.01; ***P , 0.001 versus unirradiated control skin (sham). The statistical significance of differences between irradiated groups pretreated with compounds and the sham-irradiated groups was evaluated by one-way analysis of variance, followed by Dunnett's test. ##P , 0.01; ###P , 0.001 versus the sham-irradiated groups.
Nrf2 Activation Reduces UVA-Mediated Skin Damage levels of its target antioxidants (GCLC, GST, and NQO1) at 6 hours postirradiation in the epidermis of mouse skin, although a restoration of protein expressions of nuclear Nrf2 and its target antioxidants was observed at later time points. Both HPD and SFN were demonstrated to induce Nrf2 nuclear accumulation and protein expressions of GCLC, GST, and NQO1 in UVA-irradiated mouse skin, indicating that test compounds possessed Nrf2-activating properties correlated with their abilities to reduce oxidative DNA damage induced by UVA. Furthermore, our in vivo study confirmed that SFN acted as a direct Nrf2 activator because topical treatment with SFN alone without UVA irradiation could promote Nrf2 nuclear translocation and its target antioxidant expressions in mice skin. In contrast, HPD was more likely an indirect activator of Nrf2 because treatment with HPD alone without UVA irradiation did not affect the nuclear Nrf2 level or its target proteins, although HPD could induce Nrf2-mediated antioxidant enzymes in mice skin with UVA irradiation.
We further determined the antiphotoaging effects of HPD and SFN on mice skin, which were repeatedly irradiated with UVA irradiation (10 J/cm 2 ) three times weekly for 2 weeks. Topical treatment of mice with HPD (20-200 mM/cm 2 ) or SFN (0.6 mM/cm 2 ) for 1 hour prior to each irradiation reduced epidermal thickness, commonly observed as a defense mechanism to guard against photodamage, at 1 hour after the final irradiation of repetitive irradiation (the total dose of 60 J/cm 2 ). In addition, both test compounds abrogated MMP-1 protein and retained collagen levels at 24 hours in mice skin after the final irradiation. Previous studies using cultured human keratinocytes and dermal fibroblasts have suggested that UVA irradiation plays a role in upregulation of MMP-1 involved in photodamage through oxidative stress (Rushworth et al., 2011; Pluemsamran et al., 2012; Chaiprasongsuk et al., 2016) . Transcription of MMP-1, a AP-1 target gene, can be stimulated by phosphorylation of c-Jun and c-Fos, which cooperate to regulate AP-1-dependent gene transcription, upon activation of upstream MAPKs (including ERK, JNK, and p38) (Frigo et al., 2004; Ho et al., 2011) . Our observations suggest that HPD and SFN, having abilities to activate Nrf2, suppressed UVA-induced photoaging involving MMP-1 induction and collagen destruction in mouse skin. To further explore signal transduction mechanisms, this study revealed relevance of the in vivo to in vitro findings that HPD and SFN could reverse the UVA-dependent increase of phosphorylation of ERK, JNK, p38, c-Jun, and c-Fos in mouse skin, suggesting that both test compounds serving as Nrf2-activating compounds 2 HPD and 0.6 mM/cm 2 SFN for 1 hour prior to each UVA irradiation (10 J/cm 2 /session three times per week for 2 weeks; a total dose of 60 J/cm 2 ). The skin was collected at 15 minutes following the last UV exposure. Levels of phosphorylated ERK (B), JNK (D), p38 (F), c-Fos (H), and c-Jun (J) modulated by topical application of HPD and SFN prior to UVA exposure were quantified by ImageJ software. Data were shown as mean 6 S.D., n = 9. The statistical significance of differences between unirradiated sham control groups and the sham-irradiated groups was evaluated by independent Student's t test. ***P , 0.001 versus unirradiated control skin (sham). The statistical significance of differences between irradiated groups pretreated with compounds and the sham-irradiated groups was evaluated by one-way analysis of variance, followed by Dunnett's test. #P , 0.05; ##P , 0.01; ###P , 0.001 versus the sham-irradiated groups.
can protect skin against UVA-mediated MMP-1 induction and collagen depletion possibly through inactivation of MAPK/ AP-1 signaling pathways. Previous studies reported redoxdependent anti-inflammatory actions of natural compounds and herbal extracts possessing antioxidant properties in various disease models, including photodamaged skin (Mantena and Katiyar, 2006; Liu et al., 2011; Saw et al., 2011) . Glycyrrhizic acid, a component of licorice, was shown to suppress UVB-mediated oxidative damage of cellular compartments, including mitochondria and endoplasmic reticulum, apoptosis, and activation of MAPK pathway in human skin fibroblasts (Farrukh et al., 2015) . Youngiasides A and C suppressed UVB-induced MMP-1 production possibly through Nrf2-mediated antioxidant response in association with downregulation of MAPK and AP-1 signalings in HaCaT cells . Suppression of heme oxygenase-1 reversed the protective effect of celastrol on inflammatory responses by downregulation of JNK MAPK/AP-1 signaling pathways in astrocytes (Youn et al., 2014) . Moreover, Nrf2 depletion enhanced activation of MAPKs, including JNK, ERK, and p38, and induction of c-Fos in osteoclast differentiation induced by inflammatory cascades (Hyeon et al., 2013) . Therefore, MAPK/AP-1 signaling involved in the photoaging process could be redox regulated via Nrf2-dependent antioxidant responses.
Taken together, our observations demonstrate for the first time that, upon oxidative insults induced by UVA irradiation, Nrf2 deficiency resulted in hyperactivation of MMP-1 activity through activation of MAPK/AP-1 signaling. Both HPD and SFN, potent Nrf2 activators, were shown to have photoprotective effects against repetitive UVA, reducing MMP-1 induction and restoring collagen formation, possibly via inactivation of MAPK/AP-1 signaling pathways. In this respect, indirect or direct targeting of Nrf2-dependent antioxidant response may represent a promising pharmacological strategy for prevention and inhibition of skin photoaging.
